INTRODUCTION
The house mouse (Mus musculus) has become the laboratory animal of choice as a model to study human biology and disease due to its phylogenetic and physiological similarity to humans, simple and effective laboratory maintenance and breeding, as well as the availability of a variety of inbred strains (Perlman, 2016) . Genomic studies revealing prominent genetic homologies between both species (Mouse Genome Sequencing Consortium el al., 2001) together with the evolution of techniques for the development of knockout, knockin and transgenic mice, have provided powerful tools for contemporary research strategies, and have led to an impressive increase in the use of mice as model organisms to understand human biology on a new level (Bolker, 2012) . Nevertheless, a standardized protocol for mouse sperm processing and cryopreservation is still under development for most strains. As such, a comprehensive methodology for better preservation procedures of mouse spermatozoa may become pivotal tools to increase the number of valuable genetic strains for further research and application (Takahashi and Liu, 2010) . The distribution of spermatozoa from a small number of males with superior genetic traits relies on thorough semen processing and preservation procedures. Nevertheless, an extended exposure of spermatozoa to ex vivo conditions may lead to a continuous reduction of their survival, possibly due to oxidative stress developing during in vitro storage (Bansal and Bilaspuri, 2010) . The overproduction of toxic reactive oxygen species (ROS), followed by alterations of the sperm motility and viability has been linked to sperm processing and in vitro incubation of male reproductive cells (Gibb and Aitken, 2016) . Poor sperm survival has been associated with changes to the membrane architecture of male gametes caused by lipid peroxidation (LPO) . Oxidative damage to mitochondria and flagellar structures may be a factor of major importance to explain the impaired motion behavior and fertilization ability of spermatozoa, and since the mitochondria located in the sperm mid-piece generate energy to support motility, changes in the mitochondrial membrane potential could be a good indicator of possible functional impairment of male gametes (Peña et al., 2009) . When collected and manipulated in vitro, spermatozoa run the risk of being exposed to supra-physiological level of ROS, which is the main parameter to be considered in order to evaluate the extent of oxidative stress (du Plessis et al., 2008) . Investigations on the benefits of antioxidant supplementation on the sperm vitality has become a major spotlight in human and veterinary andrology (Bansal and Bilaspuri, 2010) . This study focuses on the activity of resveratrol (3,5,40trihydroxistilbene; RES), a polyphenol found in grapes, red wine, berries, plums, peanuts and pistachios (de la Rastra and Villegas, 2007). RES is well-known for its anti-inflammatory, antimicrobial and estrogenic properties (Gambini et al., 2015) . At the same time, RES has been shown to be a potent antioxidant, based on its ability to modulate the expression and activity of a multitude of antioxidant enzymes (Khan et al., 2013) and to inhibit lipid peroxidation (LPO) (Tadolini et al., 2000) . A number of studies have shown that RES acts as a direct ROS quencher (Pandey and Rizvi, 2011) as well as a metal-chelating agent preventing the Fenton reaction (Tvrdá et al., 2015a) . With regards to male reproductive function, previous reports have revealed that RES stimulates and protects rabbit and murine spermatocytes and spermatozoa against LPO (Revel et al., 2001; Shi et al., 2008) . It has also been reported that RES has the ability to reduce apoptosis in germinal cells (Revel et al., 2001) and to provide protection to the reproductive cells against environmental toxins (Jiang et al., 2008) .
In vivo it has been demonstrated that RES supplementation enhances spermatogenesis by triggering the hypothalamic-pituitary-gonadal axis with no adverse effects (Juan et al., 2005) . At the same time RES administration may trigger penile erection and enhance testicular steroidogenesis, sperm count and epididymal sperm motility in rodents (Shi et al., 2008) . Summarizing the above-mentioned evidence, it may be noted that the data illustrating beneficial in vitro effects of RES on ejaculated spermatozoa are solid. In our case, however, we focused to shed more light on the behavior of RES on spermatozoa collected from the epididymis. Specifically, the aim of this study
The aim of this study was to investigate the effects of various concentrations of the natural polyphenol resveratrol (RES) on the vitality of mouse epididymal spermatozoa. In the experiments, concentrations of 0, 5, 10 and 25 μmol/L were applied to the sperm incubation medium. Subsequently, sperm motility and viability analyses were performed at time 0 h and after 2 h of incubation at 37 °C. Sperm motility was analyzed by the computer-assisted semen analysis (CASA). The mitochondrial membrane potential was determined using the fluorescent dye JC-1. Membrane integrity was analyzed by fluorescence staining with carboxyfluorescein diacetate (CFDA), the acrosome integrity was assessed using the fluorescent peanut agglutinin (PNA) dye and we also evaluated the percentage of necrotic cells positive for the fluorescent dye propidium iodide (PI). Our results indicate a significant (P <0.05) increase of the sperm motility following the addition of 10 μmol/L RES at 0 h and also a significant increase after 2 h at 10 μmol/L (P <0.01) and 25 μmol/L RES (P <0.05) when compared to the control. At a RES concentration of 10 μmol/L, the mitochondrial activity was significantly increased (P <0.05) after 2 h. In the case of membrane integrity, no statistically significant changes were observed at time 0 h, but after 2 h there was a significant (P <0.05) increase in the membrane integrity following the addition of 25 μmol/L and 10 μmol/L RES (P <0.01) in comparison with the control. There were no statistically significant results with respect to the percentage of PI-positive cells. The number of cells with an intact acrosome integrity at 0 h as well as 2 h was significantly (P <0.05) increased following the administration of 10 μmol/L RES. The results of our study show that low concentrations of resveratrol have protective effects on the epididymal spermatozoa of mice.
was to investigate the in vitro effects of resveratrol on the motility, mitochondrial activity, membrane and acrosome integrity of mouse epididymal spermatozoa.
MATERIAL AND METHODS

Animals and sample collection
Male ICR mice (n = 20, 120 days old) obtained from the Institute of Experimental Pharmacology (Slovak Academy of Sciences, Dobrá Voda, Slovakia) were kept in plastic cages at 24±1 °C and 12 h light/12 h dark photoperiod. The animals were provided with a standard pellet laboratory feed and water ad libitum. Institutional and national guidelines for the care and use of laboratory animals were followed, and all procedures were approved by the State Veterinary and Food Institute of the Slovak Republic (no. 3398/11-221/3) and Ethics Committee. The mice were euthanised by cervical dislocation, the reproductive organs were removed and deposited into a sterile Petri dish with fresh, ice-cold PBS (Sigma-Aldrich, St. Louis, USA). With the help of tweezers and a blade knife the epididymes were separated from the teses and washed twice in PBS. The cauda was cut into approx. 1.5 cm pieces, and placed into PBS without (control group) or with RES (Sigma-Aldrich, St. Louis, USA) previously dissolved in DMSO (dimethyl sulfoxide; Sigma-Aldrich, St. Louis, USA) and supplemented at various concentrations (5, 10, 50 μmol/L). Spermatozoa were allowed to swim out during 15 min at 37 °C. Specific analyses took place immediately following sperm collection and 2 h post-collection. Spermatozoa were kept at 37 °C between the analyses.
Sperm motility
Spermatozoa motility was measured using the CASA (Computer Assisted Semen Analyzer) system -HTM IVOS (CASA; Version 14.0 TOX IVOS II.; Hamilton-Thorne, Beverly, USA). Each sample was placed into the Makler Counting Chamber (depth 10 mm, Sefi-Medical Instruments, Haifa, Israel) and the percentage of motile spermatozoa (motility > 5 μm/s; MOT) was evaluated. This study was performed in five replicates at each concentration and time of assessment. At least 300 spermatozoa were analyzed in each sample.
Mitochondrial activity
For the assessment of the mitochondrial membrane potential (MMP), 1x10 6 cells were transferred to an eppendorf tube and diluted to 100 μL using PBS. Subsequently, 5 μL of the cationic dye JC-1 (tetraethylbenzimidazolylcarbocyanine iodide; Cayman Chemical, Ann Arbor, USA) were added to each sample aliquot. The samples were incubated for 20 minutes at 37 °C. Subsequently, the samples were centrifuged for 5 minutes at 2100 RPM and the resulting pellet was washed with 100 µL PBS. The centrifugation and washing step was repeated twice. two more times. The cells were diluted with 100 µL PBS, transferred to a 96-well plate throughout and analyzed using the Glomax Multi + combined spectro-fluoro-luminometer (Promega, Madison, USA) using the appropriate filter settings. The results are displayed as the ratio of JC-1 polymers to JC-1 monomers (JC-1 units).
Viability evaluation
For the membrane integrity analysis 1x10 6 cells were pipetted into a vial, diluted to 100 μL with PBS, followed by 10 μL CFDA (carboxyfluorescein diacetate; Sigma-Aldrich, St. Louis, USA; 0.75 mg/mL in DMSO), 10 μL PI (propidium iodide; Sigma-Aldrich, St. Louis, USA; 2 mg/mL in H2O) and 10 μL DAPI (4′,6diamidino-2-phenylindole; Sigma-Aldrich, St. Louis, USA; 1 μmol/L in PBS). The samples were incubated for 15 min at 37 °C in the dark. Subsequently, the samples were centrifuged for 5 min at 2100 RPM. After centrifugation, the resulting supernatant was carefully removed and the cells were washed with 100 µL PBS. The centrifugation and washing step was repeated and the cells were resuspended with 100 µL PBS. The samples were transferred to a 96-well plate and analyzed using the Glomax Multi + combined spectro-fluoro-luminometer using the appropriate filter settings. CFDA-positive cells were considered to be membrane-intact (%), while PI-positive cells were displayed as apoptotic/necrotic (%).
Acrosome integrity
For the analysis of the acrosome integrity, 1x10 6 cells were transferred to a vial and diluted to 100 μL using PBS, followed by 100 μL PNA (peanut agglutinin, FITC conjugate; Sigma-Aldrich, St. Louis, USA; 10 μmol/L in PBS) and 10 μL DAPI. The samples were incubated for 30 min at 37 °C. After incubation, 200 µL sample were placed into a 96-well plate and analyzed using the Glomax Multi+ combined spectro-fluoro-luminometer (Promega, Madison, USA) using the appropriate filter settings. PNA-negative cells were considered to be acrosomeintact (%).
Statistical analysis
Statistical analysis was carried out using the GraphPad Prism program (version 5.02 for Windows; GraphPad Software, La Jolla California USA, www.graphpad.com). Descriptive statistical characteristics (mean, standard error) were evaluated at first. One-way ANOVA with Dunnett's post test was used for advanced statistical evaluations. The level of significance was set at * * * P<0.001; * * P<0.01; * P<0.05.
RESULTS
Sperm motility
Data obtained from the CASA analysis are shown in Figure 1 . The administration of 10 μmol/L RES led to a significant preservation of the mouse spermatozoa motility immedialely following the sperm release from the epididymis (time 0 h; P<0.05). Similar results were recorded following a 2 h incubation, with a significantly higher motility detected in the experimental groups exposed to 10 μmol/L RES (P<0.01) and 25 μmol/L RES (P<0.05) when compared to the control. 
Mitochondrial activity
As seen in Figure 2 , the fluorimetric assessment of the mitochondrial activity revealed a significant increase of the MMP in the experimental group supplemeted with 10 μmol/L RES (P<0.05) in comparison with the control following the sperm collection. Beneficial effects of 10 μmol/L RES on the mitochondrial activity were furthermore confirmed at time 2 h, with a signnificantly higher MMP (P<0.05) when compared to the control group. Figure 3 depicts the in vitro effects of RES on the membrane integrity of epididymal mouse spermatozoa. Although no significant positive or negative impact of RES on the membrane stability was recorded immediately following the sperm swim-out procedure, a significantly higher preservation of the integrity of the sperm plasma membranes was detected following 2 h of in vitro culture, particularly in the case of 10 μmol/L (P<0.01) and 25 μmol/L RES (P<0.05). To detect any necrotic changes to the epididymal spermatozoa under the influence of RES, the cells were stained with PI and assessed using fluorimetry. The analyses detected a time-dependent increase of PI-positive sperm cells. Nevertheless, RES administration had no impact on the percentage of necrotic cells neither at baseline, nor following 2 h of in vitro incubation. A decreasing trend of apoptotic and/or necrotic changes in spermatozoa was observed following the administration of all RES doses at time 2 h, however the changes were not statistically significant (P>0.05; Figure 4 ).
Viability and necrosis evaluation
Figure 4
The impact of selected RES concentrations on the on the occurrence of necrotic mouse spermatozoa (%). MeanSEM.
Acrosome integrity
Data collected from the assessment of the acrosome integrity using the fluorescent PNA staining method and displayed in Figure 5 revealed an instant protective effect of RES, particularly at a dose of 10 μmol/L on the stability of acrosomal structures (P<0.05; time 0 h). This protection lasted throughout the in vitro incubation, leading to a significantly higher acrosome integrity of mouse spermatozoa exposed to 10 μmol/L RES in comparison with the control (P<0.05; time 2 h).
Figure 5
The impact of selected RES concentrations on the on the acrosome integrity of mouse epididymal spermatozoa (%). MeanSEM. ** P<0.01.
DISCUSSION
Currently, a significant body of evidence reflects on the beneficial aspects of RES in human and animal health. Attention driven towards this molecule has increased since it has been shown to possess numerous biological attributes, such as antibacterial, antioxidant, anti-inflammatory and chemopreventive properties (de la Rastra and Villegas, 2007). However, numerous in vitro studies have reported that RES exhibits dose-dependent effects on mammalian cells, demonstrating an interesting dichotomy: low doses may improve the cell survival, while high doses could contribute to an increased cell death (Salehi et al., 2018) . RES administration in this report resulted in an enhancement and/or stabilization of mouse spermatozoa motility and viability over the in vitro cultivation period. Nevertheless, our results contradict Collodel et al. (2011) who examined the impact of RES on the motility of swim-up selected sperm. At 100 μmol/L RES, the motility was absent in all assessed samples, whereas the progressive motility reached its maximum at 6 and 15 μmol/L of RES. Talking in favor of our data, our previous observations (Tvrdá et al., 2015a;b ) did suggest protective effects of RES on bovine sperm motion characteristics, when incubated over a period of 24 h or in the presence of a potent prooxidant, although we must agree that in case of a broader concentration range, RES may act dose dependently as either a stimulant at low doses or as an inhibitor at high doses. This controversy was furthermore assessed by Tvrdá et al. (2015b) revealing that 100 and 200 μmol/L RES did not per se exhibit lethal effects on the bovine spermatozoa viability, however its presence suppressed all sperm activity parameters. The selected RES concentration range in this study oscillated between 5 to 25 μmol/L, which are believed to be adequate for mouse spermatozoa motility preservation (Mojica -Villegas et al., 2014; Rodriguez et al., 2016) . Our CASA and MMP data agree with Mojica- Villegas et al. (2014) , who reported that a pretreatment with 15 mg/mL RES 15 min before incubation with ferrous ascorbate (FeAA) showed an 8.0-fold increase in murine spermatozoa motility and a 2.0-fold increase in their viability. Tvrdá et al. (2015a) reported that supplementation of RES led to a significant preservation of washed-out bovine spermatozoa, maintaining a higher percentage of motile sperm over the course of a 6 h cultivation. Furthermore, RES administration to spermatozoa exposed to FeAA led to a significant improvement of the spermatozoa motion behavior in spite of the toxic effects of the prooxidant. On the other hand, Silva et al. (2012) reported that RES administration before sperm cryopreservation did not exhibit any significant effect on the motility, plasma membrane or acrosome integrity of ram spermatozoa. What is more, human sperm motility declined following cryopreservation in the presence of RES in comparison with to the control in the reports by Villegas et al. (2014) focused on the effect of RES on the mitochondrial membrane potential (MMP) on mouse spermatozoa showed that pretreatment with RES provided protection to the male gametes against the decrease in the mitochondrial activity caused by FeAA. In the meantime, it has been revealed that MMP was modulated by RES in a concentration-dependent manner without affecting motility, acrosome integrity or plasma membrane fluidity in frozenthawed ram spermatozoa (Silva et al., 2012) . The mitochondrial system is the main source of intracellular ROS, where the respiratory chain plays roles in an autoxidation process (Moretti et al., 2012) . In the meantime, RES may contribute to ROS absorption and neutralization, because of its unique chemical properties, its ability to inhibit ROS production by enzymatic and non-enzymatic systems, especially NADPH oxidase and NADH-dependent oxidoreductase, localized in the sperm plasma membrane and mitochondria (Truong et al., 2018) . In a recent report assessment of the effect of RES on ram spermatozoa during cryopreservation, it was shown that this polyphenol was able to modulate the mitochondrial membrane potential (Silva et al., 2012) , which might reflect on our JC1 data. Affecting calcium influx to spermatozoa is another possible mechanism by which RES maintains the ATP concentration in spermatozoa (Martin -Hidalgo et al., 2013) , prevents premature capacitation and acrosome reaction (Li et al., 2018) during sperm storage, and enhances sperm longevity by saving its limited energy content. At the same time, as observed by Tvrdá et al. (2015a) , RES was capable to prevent mitochondrial dysfunction as a consequence of FeAA-associated oxidative damage. Resveratrol was particularly effective in protecting the spermatozoon through the protection and maintenance of spermatozoa metabolism as reflected by the mitochondrial metabolic (MTT) test. The structural determinants of these diverse properties of the resveratrol molecule are obscure, but the number and position of the hydroxylic groups have been suggested to play an important role in the antioxidant activity. 4′-hydroxyl group in trans-conformation (hydroxystyryl moiety) is required for the antioxidant activity but acts synergistically with the 3-and 5-OH groups (Stivala et al.,  2011) . Additionally, QUE may be effective because of its ability to interact with and penetrate through lipid bilayers. A notable RES property is its antioxidant potential, as it is able to reach peroxidized rigid membranes and to increase the membrane fluidity in order to interact more efficiently with radicals in the altered lipid bilayer (Tadolini et al., 2000) . At the same time Lagouge et al. (2006) proved that the effects of small concentrations of RES were associated with an induction of genes responsible for oxidative phosphorylation and mitochondrial biogenesis, therefore promoting mitochondrial functions of the cell, based on what we may hypothesize that small concentrations of RES could boost the energetic metabolism of male gametes and thus improve their vitality. Protective effects of RES on the membrane and acrosome integrity of mouse spermatozoa observed in this study agrees with Longobardi et al. (2017) and Najafi et al. (2019) who reported on a significant preservation of the membrane integrity and a reduction of apoptotic changes in cryopreserved buffalo and rooster spermatozoa following administration of 50 μmol/L RES and 40 μmol/L RES respectively. Similarly, Li et al. (2018) reported on a higher acrosomal integrity of bovine sex-sorted spermatozoa following exposure to 10 −4 mmol/L RES. It has been well described that ROS overproduction during semen processing may exhibit detrimental effects on the membranous structure and acrosome of male reproductive cells (Rui et al., 2017) . Moreover, polyunsaturated fatty acids (PUFAs) located in spermatozoa are sensitive to oxidative insults, resulting in lipid peroxidation (LPO) and changes to the liquidity and integrity of membranes, leading to acrosome breakage and leakage of the contents, culminating in altered sperm-egg interactions (Zhang et al.,  2017) . All beneficial effects of RES on the stability of membranous structures resulting from our experiments are most likely related to the suppression of LPO of membranous structures (Tadolini et al., 2000) , an event which has been shown to be coupled with the loss of sperm structural integrity and functional activity. It has been reported on numerous occasions that RES exhibits protective effects against LPO in cell membranes of animal spermatozoa (Longobardi et al., 2017;  Li et al., 2018; Najafi et al., 2019) . Polyphenols are ought to be easily incorporated into the membrane lipid bilayer (Tadolini et al., 2000) , inhibiting the formation of lipid radicals and protecting the membrane integrity and electrolytic equilibrium of the sperm cell (Aitken et al., 2016) . Hence, fluorimetric and colorimetric analyses had been carried out in previous studies in order to confirm the above-described hypothesis. Results collected from studies on other mammalian species indicate that RES was effective in preventing LPO, suggesting that the protective effects of RES against oxidative insults to the sperm lipids might be attributed to a hydrogen electron donation from its hydroxyl groups (Tadolini et al., 2000; Stivala et al., 2011) . In the meantime, it has been shown that RES may play important roles in preventing premature sperm capacitation and, consequently, acrosome reaction (Sarlos et al., 2002; Li et al., 2018) . Taken together, this evidence may help to understand the higher percentage of mouse spermatozoa in which the integrity of the membranes and acrosome is preserved. Finally, it should be noticed that RES has the ability to exhibit both antioxidant as well as prooxidant properties. Depending on the concentration of the phytoalexin and the cell type, it has been shown that resveratrol could promote ROS overproduction leading to oxidative stress, associated with oxidative breakage of cellular proteins, lipids and DNA in the presence of transition metal ions such as copper (de la Rastra and Villegas, 2007). As such, divergent results with RES and male reproductive performance may be attributed to several factors, including the species, semen extender, dosage, method of administration, as well as variable half-life among ROS, which all may modulate its definitive actions.
CONCLUSION
Our results, even though preliminary, support the evidence for membraneprotecting and motility promoting in vitro activity of resveratrol concentrations oscillating around 10 μmol/L in mouse epididymal spermatozoa. The development of new sperm washing and preservation media providing a better selective advantage to the survival of male gametes as well as improvement of their energy requirements is of great interest. Resveratrol, in specific amounts, could be used as a motility and metabolism-promoting supplement, especially in laboratory techniques aimed for the reproduction of rodents, including sperm retrieval, in vitro fertilization, artificial insemination and sperm cryopreservation.
